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ABSTRACT 


In any power supply, finite amount of inductance is present 
due to the leakage inductance of rectifier transformer and possi- 
bly due to the distribution network# The finite source inductance 
in povrer supply affects the performance of a converter fed 
separately excited dc motor because of the delay introduced in the 
commutation process* A study of the effect of source inductance 
on the performance of single-phase fully controlled converter fed 
separately excited dc motor has been presented in this thesis. 
Various modes of operation have been identified.. A method for 
evaluating the performance of the dc motor is presented. The 
presence of source inductance reduces the area of discontinuous 
conduction but speed regulation becomes poor. The voltage 
harmonics, due to the delay in commutation process makes the 
power factor poor. 

The theoretical results are compared with the experimental 
results. A good correlation has been found between the two. 
Oscillograms for certain modes have also been reported. 



CH/a>TER 1 


INTRODUCTION 

Since their invention in the late 19th century, the 
dc motors have been recognized as an ideal means of obtaining 
controlled rotational motion. The control of speed by 
variation of. the armature voltage and field current makes 
the dc motor more flexible in operation. The dc motor can 
operate over a wide range of load conditions by the control 
of armature and field current. 

The most flexible control is obtained by means of 
separately excited dc motor in which the armature and field 
current can be controlled independently. The speed control 
of a separately excited dc motor by a change in the field 
current is limited to the applications where 
constant power is satisfactory. The reduction in the field 
current, to increase the speed, reduces the torque. In 
addition it can not be changed quickly owing to the high 
inductance of the field winding. Hence, the field control 
is restricted to applications where constant power is 
desirable with variation in speed. The armature control in 
separately excited dc motor is independent of both the 
limitations since its field current is kept constant [1-3], 
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The speed control of dc motors is achieved by 
controlled rectification of ac supply by means of thyristor 
converters* Controlled rectification provides smooth 
variation of the’ speed both under motoring and regenerative 
braking. However, it produces ripple and discontinuous 
conduction in the armature current, harmonics in the source 
current and voltage. The presence of harmonics reduces 
the power factor. The presence of ripple increases the 
copper loss, reduces the commutation capability of the motpr 
thus causes undesirable derating of the motor [4j. The 
discontinuous conduction makes the speed regulation poor* 

The discontinuous armature current depends on firing angle, 
load inductance, load resistance, and back emf* 

The separately excited dc motor of low armature indu- 
ctance and of medium rating, usually operates with disconti- 
nuous armature current when fed by a single-phase fully 
controlled converter* In case of discontinuous current 
operation, the output voltage waveform and hence its mean 
value is dependent upon the firing angle, armature inductance, 
resistance and back emf. Different types of output voltage 
waveforms are encountered depending upon the firing angle 
and armature circuit parameters* These are recognized here 
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as modes. The expression for voltage and current are 
different in different modes. Therefore, prior knowledge 
of these modes is desirable to evaluate the performance 
characteristics of the ^*^motor from the appropriate set of 
equa tions. 

The detailed analysis of separately excited dc motor 
fed by a single-phase fully controlled converter under ideal 
supply conditions and various possible control methods have 
been presented in the references [5], [3], In a realistic 
power supply, some amount of inductance will be present due 
to the leakage inductance^ rectifier transformer and 
possibly due to the distribution network. The net induct- 
ance measured at the mains can be interpreted as internal 
inductance in the supply between the generator terminals and 
the mains. The source inductance or internal inductance of 
the supply introduces modes of discontinuous and continuous 
current operation which are different from the modes with 
zero source inductance. This is because of occurance of 
commutation process described in Section 3,1 of Chapter 3, 
The presence of source inductance adversally affects the 
performance of the dc motor and also of the supply system. 
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In this thesis, the analysis and performance of a 
separately excited ^^motor fed by a single-phase fully 
controlled converter bridge with finite source inductance 
has been considered. The single-phase fully controlled 
converter fed by an ac source with finite source inductance 
gives reduced output voltage and introduces additional 
modes of operation due to finite time needed for the commu- 
tation of outgoing thyristors* All possible modes of 
operation, both for rectification and inversion have been 
described. The set of differential equations have been solved 
by numerical technique. Fourth order Runge-Kutta method has 
been used for the solution to evaluate performance of the 
drive. The theoretical results are verified by the experi- 
ments, ■ The effect of source inductance on the drive perfor- 
mance has been evaluated. 

This thesis is organized in five chapters. Chapter 1 
is introductioa, A brief review of available literature on 
the modes of operation and analysis of the system under 
considerations with and without source inductance, is 
presented in Chapter 2, Chapter 3 contains discription 
of modes, commutation process and the analysis. The differen-? 
tial equations describing different modes, have been solved 



5 


numerically by fourth order Runge-Kutta method to avoid 
lengthy expressions which are obtained by analytical solution. 
Flow-chart describing various steps used in the computer 
program has also been presented in Chapter 3, 

Chapter 4 describes the experimental verification 
of the theoretical deductions. Different speed torque 
characteristics have been obtained experimentally for different 
values of source inductance. Continuous and discontinuous 
modes of conductions have been identified through experi- 
mental oscillograms, A comparision has been made between 
theoretical and experimental characteristics. 

Chapter 5 presents the conclusion of the thesis. The 
motor ratings and parameters are given in Appendix I, 



CHAPTER 2 


literature-review 

A brief review of the literature on the modes of 
operation and analysis of a single-phase fully controlled 
converter fed separately excited dc motor drive is presented 
in this chapter. The choice of extra inductance for conti- 
nuous conduction in the armature circuit is discussed in 
Section 2.2. 

2.1 SEP/^ATELY excited DC MOTOR FED BY SINGLE-PHASE FULLY 
. CONTROLIED CONVERTER WITH AN IDEAL SUPPLY: 

The armature current of a separately excited dc motor 
fed by a single- phase fully controlled converter, shown in 
Fig, 2*1, is continuous or discontinuous depending on the 
firing angle, armature parameters and back emf. In the case 
of Continuous armature current operation, the output voltage 
comprises only portions of ac supply voltage waveform* There- 
fore, the average value of this waveform is only dependent 
on the firing angles. As a result, the determination of the 
performance characteristics is simple. In the case of dis- 
continuous armature current operation, the- output voltage 
waveform depends on the firing angle, armature parameters and 
back emf. Hence, the analysis becomes slightly complex. 
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The modes reported earlier [6], [l] for the continuous 
and discontinuous armature current conduction are showi in 
Fig, 2,2, It was believed that owing to the back emf of the 
motor, the incoming thyristor pair cannot be turned on before 
the instantaneous alternating voltage becomes greater than the 
back emf [6], Later, Mehta and Mukhopadhyay [5] showed that 
the incoming thyristor could be turned on even when the 
firing angle a is less than y, the angle at which instan- 

taneous source voltage equals back emf. Thus, they introduced 
two more modes of operation shown in Fig, 2,3, In addition 
another mode was identified in inversion operation as shown 
in Fig, 2.4(a) . 

In Fig. 2, 2(a) a>Y hence the incoming pair of thyristors 
turns on at a)t=a and conduction ceases at wt=p, where p<('n:+a). 
In Fig, 2.2(b) a<Y hence thyristors turn on at a)t=Y» vAiere 
P<(ii:+a) in this case also. Fig, 2.2(c) shows continuous 
conduction mode of operation with a>Y* 

In Fig, 2*3(a), the arn^ture current has not gone to 
zero at wt=-jt+a. The presence of the armature current keeps 
the incoming thyristors forward biased and they turn on on the 
application of the gate pulse at wt=a. The output voltage 
follows the supply voltage. Since, the back emf is greater 
than the supply voltage, it oppores the armature current 
conduction. Current decays to zero at (jot=p, where p<Y, 

Fig, 2.3(b) shows the continuous conduction mode with a<Y» 
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Subbiah and Palanichamy [7] identified a disconti- 
nuous conduction mode for inversion shown in Fig,2*4(b), and 
developed the operating diagram of a single-c.. , ' fully 
controlled converter taking this mode into account. 

In Fig, 2, 4(a) the incoming pair of thyristors is 
turned on at a)t=a and continues to conduct upto mt=p. In 
Fig, 2, 4(b) gating signals are made available for a duration 
of -n: radians. For a=Y* , where Y'=it“Y current in 
outgoing pair of thyristors falls to zero at a)t=p. These 
thyristors become forward biased at ut=Y since firing pulses 
are present for these thyristors, they regain conduction 
at wt=Y snd output voltage follows the supply voltage. At 
cat=a incoming pair of thyristors are triggered thereby 
turning off the outgoing pair, 

2,2 CHOICE OF FILTER INDUCTANCE; 

The discontinuous armature current operation is 
undesirable for the following reasons [4], 

1, It creates difficulty in commutation of the 
dc motor, 

2* It introduces harmonics in the ac supply. 

3, The power factor becomes poor 

4, The speed regulation deteriorates and the 
efficiency of the motor decreases. 
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Therefore, continuous armature current is desirable 
even at the smallest possible load. Often, an inductor is 
inserted in series with the armature circuit to make the 
armature current continuous, A method was suggested in 
reference [8] which explained the calculation of minimum 
inductance necessary in the armature circuit to make the 
current continuous. But, this method does not work for 
entire range of rectifier operation. In other words, the 
method described is valid within specified range of a» The 
method has been extended by Mehta and Mukhopadhyay [b] to 
Cover the full range of rectifier operation. Subbiah and 
palanichamy [7] carried out the calculation for full range 
of line commutated inverter operation with the help of 
operating diagram of converter. Later, Anjaneyulu et,al*[9] 
presented a modified method to optimize the filter indu- 
ctance, The calculation of the minimum filter inductance 
has also been discussed by Patel and Doradla [lO] and 
Bhat and Dubey [ll] for controlled flywheeling in fully 
controlled single phase converter, A method to evaluate 
filter inductance presented in [lO] and [ll] is suitable for 
both rectification and inversion. 
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2.3 SEPARATELY EXCITED DC MOTOR FED BY SINGLE PHA^ FULLY 
CONTROLLED CONVERTER WITH SOURCE IM>UCTANCE: 

If the current is present in armature circuit at 
the instant of firing of the incoming pair of' thyristors, 
some finite time is required to commutate the outgoing 
thyristors. This is called commutation interval or overlap 
angle. During this period all four thyristors conduct 
and the thyristor bridge remains shorted. This is explained 
in Chapter 3, The commutation process gives rise to 
different modes of operation discussed in Chapter 3, 

El-Bolock and Shepherd [l2] have analysed the perfor* 
mance of a separately excited dc motor fed by single-phase 
half controlled converter with finite source inductance 
present in ac supply. The analysis was reported for 
continuous mode of operation. 

Normally, discontinuous mode of operation cannot be 
avoided in a dc motor fed by a singleTphase converter unless 
very large external inductance is connected. Since a very 
large inductance is undesirable from the consideration of 
economy, drive efficiency and speed response, the analysis 
must be carried out for discontinuous armature current opera 
tion also. In the subsequent chapters of this thesis, the 
analysis of a single-phase fully controlled bridge converter 
fed separately excited dc motor is presented for continuous 
and discontinuous armature current operations. 



CHAPTEa 3 


EFFECT OF SOURCE IM:>UCTANC£ ON SINGLE PHASE CONVERTER 

FED DC MOTOR 


The finite source inductance of ac supply affects 
the performance of a single phase fully controlled converter 
fed separately excited dc motor, because of the delay 
introduced in the commutation process. It operates in some 
new modes which are not present in the absence of the 
source inductance, it also creates difficulties in ac side 
of the converter such as giving rise to voltage harmonics 
and deterioration of power factor. In this chapter the 
commutation process, the modes of operation of the drive for 
both motoring and regeneration are described for a single- 
phase converter fed dc separately excited motor, AC supply 
is assumed to have finite inductance. The system differen- 
tial equations are solved, and the performance is determined^ 
The steps involved to identify the modes and to evaluate 
the performance of the drive are given in a flow-chart, 

3,1 EFFECT OF SOURCE INDUCTANCE ON WmKlNS OF CONVERTER: 

Consider the full bridge converter in Fig, 3,1. Let 
us assume that the thyristor pair T^, T^ is carrying armature 





i / 


ts Rs A Ti A T2 : 

j—rfffs — ^ , V 

I I 

Vc ■ 


^ Rq 5 


0 


;bemf 


i$) 0 (j) 



A A, 1 ‘ : 

Fig.3'1 Converter fed separately excited dc motor 


— ^/vv^ 

Ls Rs 


» Ttnr 


© 

Em sin cot 


'a Lq ^ 
BEMF 


D 



Ls Rs 

ifl- 


. Vc-0 



Em sin cot 

AC Side 


DC (Load) Side 

Fig. 3*2 Equivalent circuit 




15 


current before a)t=a in the positive half cycle of the 
supply voltage. At the instant a)t=a the instantaneous values 
of the Source current is equal to "Uie instantaneous value 
of armature current. Since, the thyristor pair is 

forward biased, these thyristors start conducting soon 
after the application of the gate pulses at ci)t=a. It takes 
finite time called 'commutation interval* or 'overlap 
angle* for complete transfer of current from T 2 ,T^ to 
due to the source inductance. During this interval all the 
four thyristors conduct and the bridge is completely shorted. 
The armature current and voltage waveforms are depicted in 
Fig, 3,3 for this interval. The load current freewheels 
as shown in Fig ,3,2 and the source current flows in the 
circuit shown in Fig, 3,2, The ac current at the begining 
of the overlap is given as 


i = -i^ at ut = a 
s a 


i = i^ at wt = %+a 
s a 


Coninutation is completed at the 


s a 


at u)t = p. 


^s “^a 


or 


-a = 0 


(3.1) 

(3.2) 

instants given below: 

(3.3) 

(3.4) 

(3.5) 


at wt = n-fp 
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The governing equation for the source and load 
currents during the overlap period are 

di- 

0 = R^ig + - ‘^1 +. BEMF (3.6) 

di 

E sinwt = R i + L ’ (3.7) 

After the conmutation interval, the output voltage of the 
converter is clamped, either to BEiW if i = 0 or is equal 
to the ac voltage minus the drop across the source indu- 
ctance* The waveforms of thyristor currents, during commu- 
tation are shown in Fig, 3, 3, (Considering the commutation 
process, the converter may operate in any one of the modes 
described below, 

3.2 MODES OF OPERATION DURIN3 RECTIFICATION; 

3.2,1 Mode- 1 and 2; 

These are continuous conduction mode. The armature 
current is greater than zero throughout the cycle. At the 
instant a)t=a a pair of thyristors is fired and the 

source remain shorted till the current is completely 
transferred from the outgoing to incoming pair of thyristors. 
Commutation ends at mt=p,. The incoming thyristor pair 
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turns on at cot=a even when a<Y since continuous flow of 
current keeps them forward biased. Mode li is for a>Y 
shown in Fig, 3, 4(a) and mode 12 is for a<CY shown in 
Fig, 3, 4(b), 

3.2.2 Mode 3 and 4-_: 

In this mode the current decays to zero at (jjt=:p, 
where p < (it+a)., if a<Y then the conduction conmences at 
mt=:Y since, the back emf keeps the incoming thyristors 
reverse biased till a>t=Y, The output current and voltage 
waveforms are shown in Fig, 3, 5(a) for Mode !3i. and in Fig, 

3, 5(b) for Mode 4-., 

3.2.3 Mode s and 6.: 

In this mode the armature current falls to zero during 
commutation at a)t=ti, however, p->Y* Therefore, the incoming 
pair of thyristors is forward biased and they regain condu- 
ction at wt=^. Fig, 3.6(a) shows modes ; , where a>Y and 
Fig, 3, 6(b) shows mode 6 , where a<Y» But in both cases 

li > Y* 

3.2.4 Mode 7r 

The armature current falls to zero during the 
commutation at mt=p,. However p,<Y. For (Dt<Y, the instanta- 
neous ac voltage is less than the back emf, the incoming 
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turns on at wt=a even when a<Y since continuous flow of 
current keeps them forward biased. Mode li is for a>y 
shown in Fig, 3, 4(a) and mode 12 is for ocKy shown in 
Fig, 3.4(b). 

3.2.2 Mode 3 and 4-_: 

In this mode the current decays to zero at wt=p, 
where p < (it+a).. If a<y then the conduction commences at 
tot=Y since, the back emf keeps the incoming thyristors 
reverse biased till wt=Y* The output current and voltage 
waveforms are shown in Fig, 3, 5(a) for Mode :3t and in Fig, 

3, 5(b) for Mode 4-,. 

3.2.3 Mode 5 and <5.; 

In this mode the armature current falls to zero during 
commutation at wt=jj,, however, p,>Y. Therefore, the incoming 
pair of thyristors is forward biased and they regain condu- 
ction at wt=(i,. Fig, 3, 6(a) shows modes , \Miere a>Y 2 nd 
Fig, 3, 6(b) shows mode 6 , where a<y. But in both cases 

> y. 

3.2.4 Mode 7: 

The armature current falls to zero during the 
commutation at wt=p,. However p,<Y« For wt<Y, the instanta- 
neous ac voltage is less than the back emf, the incoming 
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thyristors remain reverse biased till (i)t=Y* Therefore, 
conduction commences at (i)t=Y« Output voltage between 
p,<(ot<Y remains clamped to the back emf. Output voltage and 
current waveforms are shown in Fig, 3, 7« 

3,2.5 Mode-'* g; 

The armature current falls to zero after commutation 
is completed. Therefore, p > p,. But at a)t=p the instan- 
taneous ac voltage is less than the back emf, hence the 
incoming thyristors will turn on only at mt=Y. The output 
voltage remains zero during the commutation and becomes 
equal to the instantaneous ac voltage minus the drop across 
the source inductance after commutation. For p<mt^Y» 
output voltage is equal to the back emf and the armature 
current is zero. Fig, 3*8 shows the current conduction in 
mode 8, 

3.3 MODES OF OPERATION DURING INVERSION: 

For regeneration or inversion motor back emf direction 
with respect to converter terminals must reverse. This can 
be obtained by reversal of the direction of rotation of the 
motor or reversal of the motor connection with respect to the 
converter or due to field reversal with the direction of 
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motor rotation remaining unchanged. Therefore, the motor 
back emf will be negative. Now the supply voltage oppores 
the flow of the armature current and the motor back emf assists 
the flow of armature current. In the presence of armature 
current, thyristor pair is forward biased when supply 

voltage is positive and the other pair of thyristors is 
forward biased during the next half cycle of the ac voltage. 

In the absence of armature current and during the negative 
half cycle thyristors T 2 and will be forward biased. The 
different modes of operation are as follows, 

3.3.1 Mode 1. and Mode .2: 

This is identical to mode one of the rectification 

operation, except that back emf is negative and 90<a<180, 

Fig, 3, 9(a) shows the mode 1.’ vAiere a>Y' and Fig. 3, 9(b) 

shows mode where a<Y* • 

3 

3.3.2 Mode^ : 

This is again similar to mode3. of the rectification 
operation. The waveforms are shown in Fig. 3.10. The 
incoming thyristors are forward biased at any instant 
throughout the cycle, therefore, they turn on at the instant 
a>t=a , 
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3,3,3 Mode , 4 : 

This mode can be obtained by maintaining the firing 
pulse duration equal to n radians. Here a > y» where 

= Tt-Y* and armature current falls to zero at a)t=p, where 
P<Y‘ , Due to the presence of firing pulses, the outgoing 
thyristor pair regain conduction. Since, they become 
forward biased at a}t=Y* again. At a)t=a the incoming thyristor 
pair is fired and commutation takes place. The current 
transfer is completed from outgoing to incoming thyristor pair 
at cot=p,. The current and voltage waveforms are shown in 
Fig, 3,11, 

3.4 SYSTEM BEPRE^NTATIONt 

The circuit in Fig, 3,1 shows the system under consi- 
deration. This is analysed subjected to the following 
assumption, 

1, The thyristors are ideal switches 

2* AC source has significant internal inductance 
which is assumed lumped parameter between ideal 
voltage source and mains. This remains constant 
throughout the operation. 

3, Under steady state conditions the motor speed 
is constant. 



23 


4, The resistance and reactance of the armature 
circuit remain unchanged throughout the operation. 

5, All the angles are measured from natural zero 
crossing of the pure sine wave of ac voltage. 

6, Firing is symmetrical. 

Fig, 3,1 and Fig. 3,2 show the converter system under 
consideration and its equivalent circuit. The voltage source 
is an ideal voltage source behind internal impedance. The 
motor is represented by Fi-L load with back emf , The set of 
equations expressing source and armature currents, during 
commutation and normal operation, for different modes are 
as follows. 

3.4,1 Rectifier Operation: 

Mode i; ^ and J2i 

di 

E_ sinwt = L '■-jz + Rip + BEMF (3*9) 

m dr a 

o < cot < a 
di 

^m ^ ^s dt ^s^s 

a < cot < IJ, (3,10) 


and 0 = Rgig + BEMF 


a < cot < y, 


(3.11) 
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E sinut = L '^2 + Ri^ + BEMF 
m at a 

p, < tot < % (3,12) 

where L = L +L ; R = R +R ; to supply frequency in rad/sec, 
Eqns, (3,9) and (3,12) describe normal operation and Eqns. 
(3,lo) and (3,11) are for commutation interval. Since firing 
is maintained symmetric, only one half cycle is considered 
and in the next half cycle the eqn, will repeat in the 
same fashion. 


Mode ' 3,4-: 


sitiojt = L 


a<cot<p for mode . 3 
Y^<jot<§ for mode . 4- 


(3,13) 


= Oi 15=0 


p<tot<7r+a for mode 
p^tot<7H-Y for mode 


4 (3.14) 


Mode ' . s, 6 1 


E sintot 
m 


E sintot 
m 


di 

= L -'^1 + Ri, + BEMF 


di 

L + R i 

s dt s s 


o<tot<a 


(3.15) 


a<wt<p 


(3,16) 
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dig 

^ ' dt 

a < wt < }i 

Eqn. (3,15) repeats during iA<a)t^ 7 i, 
Mpde_ 7 ; 

di_ 

E^sinwt = L - + Rig-i- BE^iF 


o<£i>t<a 


di 

E sinwt = L " ,4*1 + R i 
m s dt s s 


a<<jJt<ji. 


di. 


0 = L. -.V + ^0^0 + BEMF 
a dt a a 

a <, wt < p, 

p<wt<Y 

Equation (3.18) repeats betv\^een y <. ;< 71 . 


ia = OJ is = 0 


(3.17) 


(3.18) 

(3.19) 

(3.20) 

(3.21) 


Mode 8; 


m 


E sinwt = L 
m 




o<wt<a 

(3,22) 

di^ 


s <it " ^s^s 


a£wt<p, 

(3,23) 

di 



0 = I-a dt-' + ''aia + BEMF 


a^6i)t<p, 


(3.24) 
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ia = Oj ig = 0 ii<wt<Y (3.25) 

Equation (3,22) repeats between y £ ^ 

3,4,2 Inversion: 

For inversion or regeneration the following conditions 
are to be satisfied 

1. 90 < a < 180 

2, Back emf is negative or its direction is reversed. 

The equations describing the mode of operation are 
as follows. 

Mode ^ “ ■ * ' ' 

These equations are same as the corresponding modes 
in rectifier operation with the above two conditions satisfied. 

Mode 4-* 

M. IT 

E^sinwt = L ■+► Rig -t BEMF 

Y’ < wt < a (3.26) 

0 = % + R3I3 + BEMF 

a ;< mt < p, (3.27) 

dis 

h^sinut = + R3I3 



a < wt < p, 


(3.28) 
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di 

E^sinut = L + Ri^ + bEMF 

< wt < p {3.29) 

ig = 0 p < cot < y’ (3.3o) 


3.5 PERFCEU/iANCE EVALUATION: 

The above set of equations, for different modes, are 
solved numerically to evaluate the performance of the drive. 
Fourth order Runge-Kutta method has been used in the 
program. 

To evaluate the Fourier-coeff icients, few samples of 
values of source current is taken at the end of each step 
and integrated numerically as follows. 

The Fourier coefficients a„ and b are defined as 

n n 

g _ . r f(x}cosntot dt (3.31) 


, 271 

bn = / f(x) sin ncot dt (3,32) 

o 

here, f(x) = i . Let i, denote the descrete values of i^ 
at kth step then above integration is replaced by the 
following summation. 


a = 
n 


1 

>.7r 


N 

S 

k=l 


(ij^ cosnwtj^) .(h) 


n = 1,2,3, , 


(3.33) 
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«(h) nr-1^2y3,»#« (3*34) 


Similarly, coefficients for input voltage to converter 
Vg are calculated. The fundamental component is calculated 
by putting n=l. The fundamental R.MS values are given by 


For current 


i = ra 2 , b 2^/2 

sl(FLiViS) ^1 ^ 


(3,35) 


and its phase angle is given by 


—1 

01 = a. 


(3,36) 


Similarly for voltage 




(3.37) 


0.. = tan 


-1 5 


(3.38) 


The overall RMS value of voltage and current is calculated 
as follows. 


1 o 

( 2 i. •h)] 


•s(RMS) ^ 2 % ^ 


(3.39) 




(3.40) 
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Now distortion factors and displacement factor are calculated 
as follows. 


Current distortion factor = (3,41) 

(IDISF) -^aCRiviS) 

Voltage distortion factor = (3,42) 

(VDISF) ''s.(Ri\iS) 

Displacement factor = cos (0..-0^) (3,43) 

(DISPF) ^ ^ 

Power factor = (IDISTF) .(VDISTF) .(DISPF) (3,44) 

3,5,2 Mode Identification: 


Knowing the loading conditions, motor parameters and 
ac source parameters, first of all the relevant mode is 
identified and then the calculation for that particular 
mode is completed. For an assumed steady state speed, 
value of armature current is assumed to be for the steady 
state if the instantaneous values of armature current at tl*^ 
begining and at the end of a half cycle are equal. If 
current is discontinuous and conduction period is less than 
■ji rad, then steady state value is obtained in one half cycle 
only. If conduction period is equal to %, computation over 
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few cycles may be necessary for obtaining the steady state 
solution* To calculate the average quantity, few samples 
of instantaneous values, over the whole cycle, are taken 
and multiplied by the step length. The average of these 
products gives the average value of the relevant quantity, 

3.6 FLOW CHART: 

The flow chart shown in Fig. 3,12 discribes the steps 
used to develop the program to identify the modes and to 
calculate speed torque characteristics of the motor. 

The input quantities are firing angle, armature 
circuit parameters, ac source parameters, back emf constant 
and torque constant. In the program, the first step is to 
choose the step- length, calculate back emf, y initialize 

wt=a. If a is less than j then totiis set equal to y» 

Now equation (3,9) for the normal operation is solved 
numerically at successive steps and every time the value of 
armature current is checked. If it falls to zero then it is 
mode 2 otherwise solution is repeated till a)t='n:+a. Armature 
current values at cot=a and a)t=7t-Hx must be same in the steady 
state. Therefore, Eqns, (3,10) and (3,ll) are solved till 
wt=p. If armature current falls to zero during commutation 
process and p,<y then it is mode 4, Otherwise Eqn. (3.9) is 
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solved after commutation ends. If armature current falls to 
zero before wt=Y then it is mode 5. Otherwise, solution is 
repeated for next half cycle. This is repeated over a few 
cycles so the armature current correspond to steady state. 
Now, again Eqn, (3,10) and (3,11) are solved and armature 
current is checked if it falls to zero during commutation. 

If it falls to zero then Mode 3 is obtained otherwise mode 1, 
If source inductance is zero then solution of equations 
during commutation process are skipped. Rest all calcula- 
tions are same. 

Once, the mode is identified for given load and firing 
angle, computation are made to obtain the speed- torque 
characteristics. The distortion factors displacement factor 
and power factor are also calculated. 


/;, 92032 i 
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Q Statt ) 

? 

^ (XyliPMf £<gf j 

; armature constants f 

5 . , 


i , , ._ 

' Set step length*;^, rad w 

I calculate, Ej^BEMFjT | 







I Solve eq,(3.10) (3,11); 



5 

« Solve eq, (3*9) 

*- 



-3 tf> irtrtw r!haTi: 





!ajt=:03t+H Solve eq. (3. 10) (3,11) 



Solve eq, (3.9) 






O 









5^1 = t»)t 


^.11=32 



; MI-31 


i Repeat II till n+a j 
Repeat I till ig - 0 ! 

inversion 

r 

T 

I MI = 3; «t = Y* ! 

^ A , ^ 

Repeat II till wt=a r 
^Repeat I till 15 = ig I- 

r * 

-IRepeat II till ig-O ^ 

-Repeat IV till wt^n+y' ^ 

1 

© 

t ' * '! 

» MI = 4j wt - Y = 

'f 

Repeat II till «+a | 

-Repeat I till ig=0 : 
Eepeat IV till n+y 1 

d) 




’’ ' ^s“-ia j 

w., , , , J 


I ig=ig 

'1 


Fig,3,l;4 contd* 
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■ MI = 5; s= Y ' 

- . ' ' ■ r ' ‘ 

'Repeat II till *+a ? > i ig*ia 

p«wt ^ «• ^Repeat I till is*-ia } < ^ 

• ■ ■ - 

> ■ 4Repeat II till ia=*0 ^ 

i , " 

, Repeat IV till n+y ^ 

4 ) 

Klepeat the calculations for next half ; 
cycle j 

, * - - ■ v, 

'Calculate Fouxier~coeff . is(RMS) i 

'''s(RMS)«lsl<‘^5.Vsi(RMS),Dirt. Factot, 

Pf ^Oi.sp^F’ciC'tox^ f ^sv8 \ 

■ .t ' ; 

* 

r Write a, p, Y> quantities ; 

; calculated in previous block [ 

J } 

I ■ -v .r r ■■ V ^ 

y 

stop 

Fig,3«l2 contd*. 



CHAPTER 4 


peeifcrmance and experimental results 

The present chapter describes the drive performance 
and its experimental verification, 

4.1 experimental set UP: 

The power circuit is shown in Fig, 4.1, The load is 
a separately excited dc generator which is mechanically 
Coupled to the separately excited dc motor under study. The 
separately excited dc motor is fed by a single phase fully 
controlled converter with symmetrical firing. The field is 
supplied from 220V regulated dc source. The generator is 
connected to a resistive load. 

The thyristor ratings for full bridge converter are 
chosen such that it feeds the motor at full load. For the 
purpose of study, an external inductor with tappings, for 
varying its inductance, is connected in series with the ac 
source. This simulates an ac source with finite internal 
inductance, a lumped parameter. The resistance of the 
inductor has also been taken into account. No extra inductance 
has been added to the armature circuit so that all the 
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Fig.4*1 Power circuit diagram 
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discontinuous modes may be observed as described in Sections 

3.2 and 3,3 in this thesis. 

Motor back emf constant, torque constant, resistance 
and inductance have been measured and given in the appendix. 

The motor which is used for this study has weak field 
(due to defect), hence, it reaches its rated speed below 
rated armature voltage when field is excited with rated 
voltage. Therefore system operates at reduced voltage, 

4.2 FIRIN3 CIRCUIT: 

Fig, 4,2 shows the firing circuit used to control the 
full bridge single phase converter with symmetrical firing. 
The armature of the circuit is illustrated by pertinent 
waveform in Fig, 4,4, 

In block I, the synchronizing signal is transforn^d 
into square wave signal using op-amp 1 and 2, The negative 
pulse are eliminated by using diodes at the output of each 
op-amp. A and A' show the waveform at the A and A and A* 
of the circuit. The op-amp 3 in block II integrate the output 
waveform of op-amp 1, 

The op— emp in block III is used as a summing amplifier 
and variable . dc level is applied to the non-inverting 
terminal of this op— amp so that the dc level can be adjusted. 
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The output of this op-amp is then fed to the non— inverting 
terminals of op-amp 5 in block IV and compared with variable 
dc voltage fed to 1lie inverting terminal, output of this 
op-amps5 consists of pulses D, The ramp output of op-amp 4 
is inverted by op-amp 7 in inverting mode and is then 
compared to a dc level to oulput pulses G. 

In block V, the 555 timer is connected in a stable mode 
to give high frequency pulses E, The pulses of pair D and 
G Correspond to (it+ct) and a respectively. These pulses are 
ANDed with A and A’ so that they extend upto the next zero 
crossing of the synchronizing signal. These pulses are then 
modulated with high frequency pulses E in block VII. 

The driver stage consists of two transistors in 
Darlington configuration. The pulses are output through the 
collector of the transistor and passed through the isolating 
pulse transformer. The diodes at the secondary of Idie pulse 
transformer are to prevent negative excursion of triggering 
pulses, 

4.3 FIRING CIRCUIT II J 

Fig. 4.3 shows the firing circuit to produce triggering 
pulse of duration % rad. The waveforms are shown in Fig. 4.5, 




Fig. 4'2 Firing circuii 
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Op— amp 1 is fed by a synchronizing signal. This 
op-amp is configured in phase shifting mode. The phase shift 
from 0 to 11 rad, can be obtained by adjusting the variable 
resistance. The phase-shifted synchronizing signal is passed 
through zero crossing detectors to output waveforms A and A* • 
These pulses are of duration n rad. Now these pulses are 
modulated with high frequency pulses. The modulated signal 
is then passed through driver circuit and pulse transformer 
as discussed in Section 4.2, 

4.4 PERFORMANCE: 

Experiment was conducted for both rectification and 
regeneration. The power circuit shown in Fig, 4,1 is common 
for both the cases except following conditions are satisfied 
for regeneration, 

1. The direction of back emf and wattmeter connection 
are reversed for regeneration, 

2, The dc generator which was working as load to the 
motor, now drives the motor which now works as a 
generator. 

Since the modes are dependent on the firing angle and 
loading condition, these parameters were adjusted to observe 
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all the modes in rectification and regeneration. These 
were discussed in Chapter 3, The above two conditions were 
obtained by theoretical computations and with these, the 
modes were simulated in the experiment. These modes were 
photographed for both rectification and regeneration and 
the oscillograms are presented in Fig. 4.6. All the modes 
are exactly the same as expected in theory. The mode 5 
in rectification and the mode 1 in regeneration could not be 
observed for the following reason. 

Aocording to theoretical calculations, the conditions 
for mode 5 are zero firing angle, low value of inductance 
and high speed. To satisfy these requirement was not possible 
in the present experimental setup, hence mode 5 of rectifi- 
cation could not be observed. 

During regeneration, efforts were made to adjust the 
parameters to obtain both the modes in continuous conduction. 
But commutation failure was found to occur even at the slight 
change of either of the two parameters. Therefore, only one 
of the two modes in continuous conduction could be observed. 

Speed- torque characteristics have been computed for 
various values of firing angles and source inductance. The 
characteristics are shown in Figs. 4.7, 4.8, 4,9 and 4.10. 
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The experimental values of speed torque characteristics have 
been marked in these figures. This shows good correlation 
between the experimental and theoretical, results. 

From the speed-torque characteristics, it is obvious 
that as the source inductance increases the area of disconti- 
nuous current conduction decreases but speed regulation 
becomes poor. For a fixed firing angle, as the load increases 
speed drop becomes very large for higher values of source 
inductance. 

Power factor, distortion factors and displacement 
factor have also been plotted for different values of source 
inductance at full load. These are shown in Fig, 4,11 and 
Fig, 4,12, The current distortion factor improves for 
increasing source inductance. Voltage distortion factor 
becomes poor because during commutation the voltage at both 
the ends of converter remains zero and commutation interval 
increases with source inductance and current. Displacement 
factor becomes poor due to higher degree of harmonics 
introduced' and at large value of source inductance. Power 
factor is product of current distortion factor, voltage 
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distortion factors and displacement factor, hence the p.f, 
also reduces for increasing values of source irriuctance. 

Therefore, the presence of source inductance causes 
the converter to operate at low power factor, thereby, 
drawing more reactive power. Losses are caused by ripples 
in armature current due to discontinuity. Also motor 
regulation is poor. 



CHAPTER 5 


CONCLUSION 

In the present thesis, the performance of the single- 
phase fully controlled converter fed separately excited dc 
motor has been studied. Finite source inductance has been 
considered in this study. Firing of the pair of thyristors 
was maintained symmetrical. Different mode of operation 
have been described and experimentally ctoserved. The osci- 
llograms of some of the modes which occur during continuous 
or discontinuous armature current operation have been 
obtained. Regeneration has also been discussed along with 
rectification. 

Speed- torque characteristics have been computed theo- 
retically for different values of the source inductance. 
Experiment was also conducted to verify the theoretical 
deductions. Good correlation was found between the two. 
These characteristics show that the area of discontinuous 
operation is reduced when converter draws power from ac 
supply with finite source inductance. Motor speed regulation 
becomes poor. The ripples introduced due to discontinuous 
conduction contributes more copper losses. The performance 
of the drive becomes poor. 
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Current distortion factor improves but voltage distor- 
tion factor and displacement factor reduces with increasing 
load and. source inductance. More harmonics are introduced 
and power factor becomes poor. 

Therefore, the finite internal impedance present in 
ac supply introduces the finite delay called commutation 
interval during transfer of current from outgoing to incoming 
pair of thyristors. This gives rise to new modes of operation 
in rectification and regeneration operation. The presence 
of source inductance deteriorates the drive performance and 
causes the system to operate at reduced power factor. 
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/\PPENDIX 

DC motor specifications: 

Output power ; 2.2 KW 

Armature voltage t 220V 

Shunt field excitation s 220V 

Current rating : 11.6A 

Rated speed : 1500 rpm 

Armature resistance : 2.0 Ohms 

Armature inductance ; 32 mH 

Back emf constant : 0*8595 volt/rad, per sec. 

Torque constant : 0*8595 volt/rad, per sec. 

Inductance measured at the mains : 1*0 mH 

Values of inductances inserted in 

the ac side of the converter : 9*0 mH 

14 mH 


24 mH 
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CALO FS(H,r5j.VSS, AISl ,SISl., AVSl ,BVS1 , «<T, 13 , , ¥«, ^y 

IFCll.OEvOOl) 30 ro 7 3 

CONIINUE 

MU*0 

8ETA*MT-A0 PHA ? IF C GAM I’, GI, ALPHA ) BET A=«r-GAM hi 
DO 66 H=l,500 

Z=Z+ 1 ,• I ( Z 5 =0 .00 0 1 1 VA ( Z) =3EMf ? VS C Z) =V 1 ,* »2 C S) =« I 
lasoyvisEMj'siMMr) 

CALL FS(H,IB,VSS,A 
W’fsWlfH 

IFCCMl. €0.215. AMO. X«r.G.r,«)) GO TO 67 ^ 

ir{CMl!E0,22).ASO.<Mr.G.r.fCPI + GAMA))> GO TO 57 

contimoe: 

CONIIMUE. 

IAV=SUM/PI: 

TAV=K»IA.V 

GO ro 150 • , 

FOtUOjilMG ’OMPUIATIONS- ARE! FOR^ MOOE-O OF .|{iVSPSXOM , . , _ 

» » •Ww* »)• mmmmm'mmmm'frn mm m'fmm^mwm mm »» .wW 


ISl, 31S1, AVSl,BVSi,WT,I3,n ,^‘*,'^5 




WTsciMA; V^EMF? S&M*0 ? 2=01 1.1 =0 .00001 i Vl = EM»SIM C M P) 


DO 265 M=l,500 



._ (EM^SIi - _ 

IFCMl ,€3.2) t IFlMl..£0'.t2),«T*MrtPI, 

IFC61.EQ.2) V2 = -;V2? Vl=€'Ml<'3IS(«iT)-Rl*I3-LS»V2. 

' A i L F S ( H , I S , ¥ S S , AI S I > SilSl A VS I , B V SI , gf , 13 , ¥ 1 , V »*., if ) 
irrMi irn.4) Wr=«T-Pll IFC Sr.GE.AUPHA) GO TO «5 



3 


2S5 

265 


279 

275 


289 

285 


299 

295 


5;-. 

71 


75 

80 


82 

85 

30 


CONriJIllEi 

IFCbS.'LE..900U S3 13 275 
DO 270 M=i,500 
IF CN.sg.-n 12=^11 

? 7ii' W sOf \fS( Z) =0 1 SlI«=SlIlTm ♦«: wrs #t+h 

CALL R« HC i ( E « , 1 2 . LS , RV R 1 •» 3EHF , WI , H , L , i 1 ) 

I i = 1 2 : 1 F C H 1 . ED , 2 5 T= d T’-f P.I| I F ( M 1 . £Q 1 2 ) 1 3 =-1 2 
I F ( i f w?iwf-pf ' SI ; I vsi , Birsi , »r # r 3 . v i , ir« , v 3 

IFCII+125 2757275V279 
comiimue: 

DO 280 ?jsl,500 

I sZ 1 1 ; T ( Z ) ~l 1 ; w 2 C Z ) S « f '? VAC Z ) = V | V S C Z ) = V 1 ? S IIM sS UM ♦ 1 1 ♦ H M T sM I + H 
CALL ROHGtR,Rl, -iitaEtF^L^LSrlliV, Vi) 

V2= £ f *1 * S I n C W I ) - C R> R U H i -BE11 F ) / ( L + LS ) / 13 = 11 
TFCN1.CQ.2) I3=-Il;lFC»IU£.9.'2) «<r=lfT+k 
|F(Nl.r§.-2) V2s-.V2,*Vl=£M^St?l<i<T)-Rl»I3-L6*V2. „ 

CALL rS £H. IS, VSS* AISl .SiBl., AVSl , BVSl , WT, 13 # VI , ^ 5 

IF(M1.€Q.2) «ISi^T-PIMFtll5 285,285,280 

coniisue: 

WUsO;SErA=VT-3AMA 
DO 290 M=l,500 , 

ZsZ+ 1 ,* I £ Z 3 =1 1 1 W 2;C Z ) = V A £ Z) =V ? VS £ Z 3 = VI ,* M 1= VT > H 

Ii = 0?l3sO?ri=£M*SI.M£m 

CALL FS £H , IB, VSS , AISl , SISl . AVBl , BVSl , «T, 13, VI , V**, V) 

IFC«T,GE.£3AMA:+PI3 3 ^0 ro §95 

COWrlMUE 

CONTINUE 

IAV=SUM/PI ; TAV=K*I AV 
GO TO 150 

FOLLOWING. CpNPWrATlONS ARE. FOR I40DE-3 , , . . , , . . , 

Ml = 31?'lF£3AMA.GT,AIiPHA!) ms32 
DO 90 Nl=l,2 

11=0.000011 Z=0 ? SU«fO? W lte^OrVsaEHFj Vl=EM*SINC»r3 
DO 75 Nal,500 ^ ^ 

T 1 ar 1 1 * I F C N 1 E Q « 2 ) 11 * ••ff 1 

z=z+i;icz3=li;W2CZ3=.viuyAiiD=v;vs£Z3=vi;siiMssu'^+ii*«MT=«r+a 
CALL RUNG £ R , R1 , EM , WT , HL BEMf , L. LS, 1 1 , V, VI ) 
V2s£E«*SINC^T3-p+Rl)Ah-BBMf3/£L+LS) , 

1 3= 1 1 ; I F £ M 1 . B 6 . 23 Wf =N PI> IF C N i , E 5 . 2 3 13 f>~ 13 
I F ( N 1 . E 0 , 2 3 V2 != - V 2 7 V 1 ^E^iP SIN ( N T 3 -R 1 ♦ 1 3 -LS * V 2 : 

CALL FS|H , IB, VSS , AlSi , BlBl , AVSl , BVSl , Wf , 13, VI 
IF£Nl.Eg.4)Nf=Nr-PI 
irrWf-SCJ 7 5,75,30 

continue; 

DO 85 Hsl.SOO , ^ 

If fLS,LE.O.OOOi3 GO FO 90 

z=z+ if ? £ z ] =i I f z)=.»rvyA!£ m =0; vs c z) =o i sun= su # h* r i •• nff vt+ it 

CALL^&UMGlCEN,n;,L6.RVRU|ENf,W|,g ' — 

13=12; IFCHl .EQ.25 if =il(r*Pl7 XF£N1 -E 
V 1 = 0 . 0 ? C A LL( F S ( Hi, I S , VBB , AI SI , 81 S 1 , 

IF£Nl,E5.-2)MT=iHr-i*I 
IFdi.LE.-.OOU GO TO 90 
CONTINUE 
CONTINUE 
NU=WT-PI 
IAV=SU«/PI 
TAVsK^IAV 
BETA=NT-N0 

GO TO 150 ...... 

m mm mmmm m'mWm'fmm’rn^ m m'fm mfm 

Fni,L0«LM: saMPOTATI?."®; m. T^h 




>•§1 ^3*^12 

[ysi , BVBi , wr » 1 3 . VI , m , n 




91 


^omPoHtioms' ’are: for NQ0E-:4 

Z=OlIl=olo36oi;Sim=0?4T^5AMAlV=BEMF|Vl=EM*SlN£NT) 

DO 95 N=l,500 

f 1 = 1 1 ; I F C N 1 . f Q . 2 3 _ T 1 I ^ _ „ . „ „ , » ^ . . g y n -gu ij + 1 1 H ; N TteJf f ♦ B 


4 


c c . T ^ 4 ^ 3 J 3 .J 3 j g j ^ j 


95 

109 


l3=Il|IF(fil.E 
IF(Nl,€a,2 5 \r. 

CALO FSCH.lS/^SSrAISl 
IF (Ml. €9.2) Wr=MT-PI 
IF(MT-X) 95,95,100 
CONriMUE, 

DO 105 M=l,500 
IFCLS.{iE..O,OOOl) «« 

i=Z + ! f f tl j =.{l ? 11 C 2) s.tf T? VAt E) =0 J y S C %) 

CALL. Rtl fj G 1 C EM * 12 ^ LS , R', Rt , aEMF , W I , H , L 




GO ro MO 


iiUf wn. ihi w ■*>-' IIJ >;» * W''-'* f * w* ■£ 

T3=I2;IF(M1 ,E9.2) «i i ti'a.j if iwi .ty.zj aj=» 
irat.LE,.oou GO to mo; 

m T 'it ff «■ 


otsmssmfri*mwts4T*H 
11 ) 


WISjMf f PI; irCMl ,£0. h I3=-I2 


99 

105 

110 




CONTIMUE 


MU=MT-PI^ 
BETA=#iT-SAMA 
DO 106 M=l»500 


105 

107 



rOMIlMUE. 


coNriMDE; 
IAV=SgM/PI 
TAV=IA.V»K 
GO TO 150 


FOLLOMING. 




>v> 


Ml 


P • V • W ||» * • |*» ||» |*fc |ip ^1* |» ||» W p • *i 

COMPUTATION APS. FOR MODE-5 

mmmm'mmm 'irnmfm'mW^ w'iip]i» m mm m\m m 

Ml = 5^' ' -l' 2 

Il*iooOo}oUio; SUM?0; NT^SAMA; y=BEHF;\(isEM*SIHC«l) 
DO 115 MslfSOO 
ri=ri;rFcd.E9.2) ris^ri 


p|w«9V« 


zsi+1 ; I ( z ) =ii ; W2C 2) ~Mn suMssuM+M ♦«; ^AC p sy ; y s t m =y i ; mtsmm-b 

2 £,m - - rk* rk'S n» 4 #. um H'. t f «? y '€ •• ^ ^ 


115 

120 


122 

125 

130 


zsz+M I (Z) =11 ; W2!(2) =4r?sujissuM+M»Hf yi.. 

C ALL RUNG C R, r! , EM, Mf . Bi, BEMf , L, LS , 1 1 , V , ) 

V2=(EM»SIM(MT)-CR*-Rl)^n-BEMF>/XL+LS) 

13*11; IF(«1 .la.2) MTs.WTM’PTilFCHl.EQ.a) I|;^l' 
IFCMll€9v25y2*.-y2|n*£M-^si)l(»T>-Rl}l3-L|*y|. 

CALL H (ft , IS , VSS , Alll , aiSl , ASl , BVSl , »I , 13 , FI, FM , f i 
IF(Nl.€Q.2)^lfI=Mf-P| 

IFCMT-DO 115,115,120 

continue: 

DO 125 «»1,500 
IFCLS.C,E.0.090l) GO TO 130 

Z^Z? I f ? ? I J =1 f ? N 2« 2) = »T7 VAX Z ) *0 ; V S ( Z) *0 1 SU «* SU Mi^ H * M * » Tte NT + H 
CALL RUMGI CEMGl2,LS,RVRl»BE'MFjWr,H,L.iU 
I3=l2f IFCfit.Ey.25 liTstllX’fPl7lF(Nl.E0,2) 

V1=0|5aL£i FSCI, is, VSS-, AISl , aisi , Ivsi ,BVSt ,llr, I3 .VI , kfM. V) 
IFCMl .€9.2) NrsMT-PI 
IFCIUT2)130,130,|25 
IFCID 130,130,125 

contimue: 

«U*WT-Pi. ^ 

DO 140 N=l|500 

zizJ 1 ; I (Z ) =.!f ?n 1 1 2) ivil V A;C 2) =¥1 ¥S C 2 ) *¥lj SUMsSUM^ffi It ? iT=iir+« 
CALL &UnG(R,R 1»EM, NT.iiLaEMf ,L,LS,Il,Y,¥l) 

¥2=C€M*SI!i(»iT)-CRtRU 1=1 l^BEMf )/(L+LS5 , 

I3=Il;irCMl.E2.2) Wr=.i<T+P.I.MFCNl.€§.2) IJSflria 

£ ^ r*. ^ ^ gL ^ fn. v tt * ■=*!«-* c**!" At I* 'Jtw\ anC f If ’ 


= I3-I.s*r2 


Call rstH;i5,¥SS,AISl ,B1S1,A.¥S1,BVS1.WT,I3, ¥1 

IFCN1.E9.2) 


149 

145 


|F(Mr^€9;i)V2i||2;¥l=^^^ 

IF(I1,LE..001) GO TO 14 a 
CONTI MUE 
SET A* MT -GAM A 

Zsziltl cl) =Il?N2(2) = 4r¥ ¥A'C Z)=¥;¥SCZ)=¥l iNTtefTt^ 

I F ( 5 1 ll 0.2 ) NT* MT+PI 1 13*0 1 I I =0 ? ¥ | s|M*SI S C W ) , ^ , 

CALL CH , IB, ¥SS, AISl ,BISl , AVSl ,B¥S1 , NT, 13 , VI , V*, V) 
IFCM1.EQ.2) Wr=MT-Pi 


5 


171 

170 

151 

192 

190 

1000 


u U ^ * i M II C ' 

CONTINUE 

lAVsSUM/Pi: 

TAVsK# J4V 

dVI ' 8ErA=3ErA/Hl ; GAMAsGRHA/Hl t ilO=MU(^Hl 

D a.d J, -• 3,1 51/ FI., 


rCt/SS) 


il2 C L3 ) 


isphi=atancaisi/bi5i ) ;ro'isrF=vsi/7Ss?iDisrf sisi/15 

P,ifE5y9|fIi^Pr^§PWl'^?“='^^i5IF»IDl5TF*0I5P?V*IFVM/pi 
HR I TEX 2 1 , 1 5 2 3 ALPHA, SElT Ai, SAM A , ^ AV , T A V , M U , BE -if , ts , Rp H , n j 
HR I TE ( 2 1 , 1 5 2 3 P F , 7 d 1 S IF , iMBlf , DI h?,vk,lh ih-m 

FaRWAr(4X,9FU.3,li03 
l»l“l 

00 I7l NS1,Z„ . 

L2=I,lfl?LS=l.2fl;L4 = L3+l 

MRIIE(21,1703 HHLilT,i;CM3,7ACLl),W2(L2),If[,23rtfAfl,23*H2CL3 3 
l,ICU3,VLa3)#H2CL4),IC{,43 ,7ACL43 

if(l4.gLz) go to ioo5 

Ll=L4ti 

continue: 

rORMArt4K,i2Fi0.2) 

IF(IA7,GE,|2,03 GO TO 1003,*RPM=RPM-100J GO TO 1 

IFCALPHA-i805 190,1030,1000 

ALPHA=A[,PHA!+l5;RPMFi500,*GO TO 1 

STOP 

END 

SUBROUTINE RUNGCR, Rl , EM, HI, H;,aEMf, B, L5, II ,V,Vl3 

REAL LS,I1,L 

Tlsll 

DEL1 = H[» CEM^SIM f NT) -BEMf -KR^-Rl ) »1 1 ) /( (L+LS 3 * 314*1 5 9) 
olLasH^xlM+llNCHT+HAZO-BEMf-jC R+Rl )*ai+OELl /2)5/( (L+LS) *314,1 
DEL3=H»CEM:»SlNCNT+H/2'3-BEMf-KR+R131'(Il + OEL2/2)3^CaTLS)*3l4.! 
OEL4sH»CEM*SINCHTtH3-BElf»ICR+R13»(Il + UEL3)3/j(CU‘4-L!>)*3t4,4 593 
Ii = lU(OELl+2»D£L2 + 2FOfL3t9£Ii43/6 
Va2 . 5 * T1 taEMF f L ♦ C II -iTl •) ^31 4 , 1 59 /H 
RETURN 
END 

SUBRO UTINE RUNGl C EM , I2V US* R, R1 , BEMF , HI , H , L', II ) 

REAL I1,L,LS,I2 , , ^ , 

DEL1=H»(-8EMF-R4n3/CL(»314.159) ^ 

DEL2=H*e-BEMF-R*hltI3SM/25)/CLf|14.1|93 
DEL3»HM(-S£Mf-R*(O + 0£fc2/p|fCU*|i4,159) 

OEL4=H» C -BEMF-RM C II fOELBO ) /'(L» 3 1 4 . 1 59 ) 

1 1 = H + ( DELI +2 ♦DElia +2 *'0€La+ pEI.4 ) /S _ ^ ^ 

olLleif ||ii|*ii|/ NT +H/20 Se#! jf|+OELi /23 1 /t LS|M 4*1 59l 

DlL3=Hl'lEM»SI3iC«T4'H/20-R6*Cl2tOeL2/23>/CLS»3|4.'i59) 
DEL4aH*CEM»SlNXHT+H>-R|41I2'+0EL3 3>/CLS*314.l593 
I2=l2*(DeLl+2*D£I#2+2A0€I,8'«-0£.L4)/6 
RETURN 

END 

SUBROUTINE FSCH, IS, FSB, AffSt , BISl , AFSI , BVSl , HI, 1 3 , Ml * fN, F3 
li=Is{cil?*23»H?VSS=rS5>(¥l*n3»Hj AlSlsAIBH-HMlOf COBCHTO 

BISl=BISl+H»I3»SIlCHnTARrBI»AVSl4-H*Fl»CQS(HrO 

BVSl=SVSl + H)»Vl*SIMCHr)rfMaArM+F»H 
RETURN! END 
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